Porphyromonas gingivalis is an obligate anaerobe that utilizes haem, transferrin and haemoglobin efficiently as sources of iron for growth, and has the ability to store haem on its cell surface, resulting in black pigmentation of colonies on blood agar plates. However, little is known about intracellular iron storage in this organism. Ferritin is one of the intracellular iron-storage proteins and may also contribute to the protection of organisms against oxidative stresses generated by intracellular free iron. A ferritin-like protein was purified from P. gingivalis and the encoding gene (ftn) was cloned from chromosomal DNA using information on its amino-terminal amino acid sequence. Comparison of the amino acid sequence deduced from the nucleotide sequence of ftn with those of known ferritins and bacterioferritins identified the protein as a ferritin and positioned it between proteins from the Proteobacteria and Thermotogales. The P. gingivalis ferritin was found to contain non-haem iron, thus confirming its identity. Construction and characterization of a P. gingivalis ferritin-deficient mutant revealed that the ferritin was particularly important for the bacterium to survive under irondepleted conditions (both haemin and transferrin starvation), indicating that intracellular iron is stored in ferritin regardless of the iron source and that the iron stored in ferritin is utilized under iron-restricted conditions. However, the ferritin appeared not to contribute to protection against oxidative stresses caused by peroxides and atmospheric oxygen.
INTRODUCTION
Iron is an essential growth requirement for almost all living organisms including pathogenic bacteria. There is an abundance of iron in the human body : however, the availability of iron to infecting bacteria is strictly limited. Almost all iron in the human body is sequestered by iron-binding proteins, and the availability of such proteins varies with place and time. Therefore, it is critically important for infecting bacteria to have the ability to store iron intracellularly while in an iron-rich environment and utilize the stored iron under iron- Em, erythromycin ; TMBZ, 3, 3h, 5, The GenBank accession number for the sequence reported in this paper is AB016086.
Abbreviations :
depleted conditions. Moreover, in the presence of oxygen, intracellular free iron poses the problem of cytotoxicity because it reacts with reduced forms of oxygen, leading to oxidative damage of nucleic acids, lipids and proteins (Halliwell & Gutteridge, 1992 ; Miller & Britigan, 1997) .
Micro-organisms have developed two types of ironstoring proteins : ferritins and bacterioferritins (Andrews, 1998) . The former contain iron, whereas the latter contain haem. Amongst prokaryotes, ferritins have been isolated from Bacteroides fragilis (Rocha et al., 1992) , Escherichia coli (Hudson et al., 1993) , Helicobacter pylori (Frazier et al., 1993) and Campylobacter jejuni (Wai et al., 1995 (Wai et al., , 1996 . In addition, ferritin-encoding genes have been found in the genomes of Haemophilus influenzae, Methanobacterium thermo-autotrophicum, Clostridium acetobutylicum, Thermotoga maritima, Archaeoglobus fulgidus, Mycobacterium tuberculosis and Vibrio cholerae (Andrews, 1998) . However, the complete genome sequences of Bacillus subtilis, Methanococcus jannaschii, Mycoplasma pneumoniae and Synechocystis PCC6803 do not contain a ferritin-encoding gene. This indicates that the ironstorage system varies amongst bacterial species. Evidence to demonstrate the contribution of ferritin to protection against oxidative stress has also been provided by analysis of a ferritin-deficient mutant of Cam. jejuni (Wai et al., 1996) . In E. coli, however, a mutation in the ferritin-encoding gene (ftnA) confers no sensitivity to oxidative stress on the cell (Abdul-Tehrani et al., 1999) .
Porphyromonas gingivalis is a Gram-negative anaerobic bacterium belonging to the division Cytophagales (Hugenholtz et al., 1998 ; Woese, 1987) . This bacterium is frequently isolated from periodontal pockets of patients with advanced adult periodontitis and is recognized as a major pathogen in the disease. P. gingivalis is a poor utilizer of free iron but can utilize haem, haemoglobin and transferrin efficiently as iron sources, and these are available in periodontal regions. It has the ability to bind haem, haemoglobin (Nakayama et al., 1998) and transferrin (Tazaki et al., 1995) , and a haemoglobin-receptor protein on the cell surface has been biochemically and genetically characterized (Nakayama et al., 1998) . One characteristic and interesting property of P. gingivalis is that the organism produces black-pigmented colonies when grown on haemolysed blood agar plates. The black pigment identified as the µ-oxo dimeric form of iron-porphyrin IX is accumulated on the cell surface (Smalley et al., 1998) , and may serve as a source of iron for utilization under iron-depleted conditions, although intracellular iron storage has not been characterized in this organism.
The aim of this study was to clarify the mechanism for intracellular iron storage in P. gingivalis. After isolating ferritin from P. gingivalis cells, the encoding gene (ftn) was cloned and sequenced. We also constructed and characterized an ftn-disrupted mutant of this organism.
METHODS
Bacterial strains and plasmids. P. gingivalis ATCC 33277, E. coli DH5α and E. coli BL21(DE3) were used in this study. Chromosomal DNA of P. gingivalis ATCC 33277 was used as the source of DNA for cloning the ferritin-encoding gene from P. gingivalis. Plasmids pUC19 and pET11a were used as vectors for gene cloning and for the overproduction of ferritin, respectively. Preparation of the competent cells was carried out according to Sambrook et al. (1989) . Plasmids pKD381, pKD382, pKD383 and pKD384 were constructed in this study, and are described below.
Media and growth conditions. Unless otherwise specified, P. gingivalis was grown in an anaerobic atmosphere (10 % CO # , 10 % H # , 80% N # ) at 37 mC. Enriched BHI broth [containing 37 g brain-heart infusion (Difco), 5 g yeast extract (Difco), 1 g cysteine, 5 mg haemin and 1 mg vitamin K "
per l], enriched TS agar [containing 40 g Trypto-Soya agar (Nissui), 5 g brainheart infusion, 1 g cysteine, 5 mg haemin and 1 mg vitamin K " per l] and blood agar prepared by adding 5 % haemolysed defibrinated sheep blood to enriched TS agar were used for P. gingivalis. E. coli was grown at 37 mC in L broth or on L agar (L broth solidified with 1n5 % agar). Erythromycin (Em ; 10 µg ml − "), tetracycline (0n5 µg ml − ") and ampicillin (50 µg ml − ") were added as required for selection and maintenance of the strains.
Chemicals. The proteinase inhibitors Nα-p-tosyl--lysine chloromethyl ketone and leupeptin were obtained from Sigma and Peptide Institute (Osaka), respectively.
Purification of ferritin. P. gingivalis ATCC 33277 was grown in 1 l enriched BHI broth for 48 h. The cells were harvested by centrifugation at 15 000 g for 20 min at 4 mC. The pellet was resuspended in 30 ml buffer A (10 mM Tris buffer, pH 7n5), and Nα-p-tosyl--lysine chloromethyl ketone and leupeptin were added to final concentrations of 0n1 mM and 1 mM, respectively. The cells were broken by sonic vibration (25 W ; 30 pulses min − " ; 1 s pulse length) in a Branson sonicator at 1 min intervals for 10 min on ice as described by Wai et al. (1995) . The sonicate was shaken for 15 min at 37 mC and centrifuged to remove the unbroken cells. The supernatant was saved, to which CsCl was added to a final concentration of 40 % (w\v), and centrifuged at 80 000 g for 24 h at 4 mC. The solution was carefully separated into fractions, and each fraction was dialysed overnight against buffer A by changing the buffer at 6 h intervals. The fractions were then examined by electron microscopy (see below). The fractions containing ferritin-like particles were concentrated by ultrafiltration with a Microcon YM-10 (Millipore). For further purification, the concentrated ferritin sample was subjected to gel filtration on a Sephadex FPLC column (FPLC column TM 200 ; Pharmacia). The system was equilibrated with buffer A, proteins were eluted at a flow rate of 0n5 ml min − " and 2 ml fractions were collected. Elution of the proteins was monitored by measuring absorbance at 280 nm. The fractions were also examined by electron microscopy and SDS-PAGE to examine for the presence of ferritin.
Electron microscopy. Samples were negatively stained with a 0n5 % uranyl acetate solution and examined in a JEM 2000EX electron microscope (JEOL) at 100 kV.
Protein analysis. SDS-PAGE was performed under reducing conditions on 12n5 % gels essentially according to Laemmli (1970) , using a low-molecular-mass electrophoresis calibration kit (Pharmacia) as reference protein markers. The gels were stained with 0n1 % Coomassie blue R-250 or the Sil-Best staining kit (Nacalai), according to the manufacturer's instructions. For immunoblot analysis, proteins on SDS-PAGE gels were electrophoretically transferred to nitrocellulose membranes according to the method of Towbin et al. (1979) . The membranes were immunostained with a 2000-fold dilution of an anti-ferritin antiserum. The antiserum was prepared from a rabbit immunized with ferritin purified from cells of an ftnoverexpressing E. coli strain. The reacting proteins were detected using the ECL Western blotting system (Amersham).
DNA purification, colony hybridization and Southern blot analysis. Chromosomal DNA was isolated from P. gingivalis cells by the guanidine isothiocyanate method (Lippke et al., 1987) with the Isoquick DNA extraction kit (MicroProbe). Plasmid DNA was purified from E. coli cells using the Wizard DNA purification system (Promega). Colony hybridization and Southern blot hybridization were performed essentially Porphyromonas gingivalis ferritin mutant according to Wallace & Miyada (1987) , and Sambrook et al. (1989) , respectively.
Plasmid construction. A 5n5 kb BamHI-HindIII fragment containing the ferritin gene (ftn) was isolated from the chromosome of P. gingivalis ATCC 33277 and introduced into the BamHI\HindIII sites of pUC19 to construct plasmid pKD381. This plasmid was digested with HincII and HindIII, the resulting 4n4 kb linear plasmid DNA was subjected to filling-in with Klenow and was self-ligated, resulting in pKD382. The ermF ermAM DNA block (end-filled EcoRIBamHI fragment) of pVA2198 (Fletcher et al., 1995) was inserted into the filled-in XhoI site within the ftn gene of pKD382, to generate pKD383. The ferritin-encoding DNA region of pKD381 was amplified by PCR (upper primer, 5h-CCATATGAAAATAAGCGAAAACGTA-3h ; lower primer, 5h-AGGATCCCTTCATTTGTCCATTCGG-3h). The PCR product was then subcloned into the pET11a vector using NdeI and BamHI sites, which had been introduced at both ends of the ftn gene by oligonucleotide primers with base changes necessary to produce the restriction sites, resulting in pKD384.
Electrotransformation. An overnight culture of P. gingivalis ATCC 33277 in enriched BHI broth (1 ml) was mixed with 20 ml enriched BHI broth and grown anaerobically for 5 h at 37 mC. The cells were harvested by centrifugation at 4000 g and 4 mC for 15 min, gently washed with 10 ml 0n3 M sucrose, and resuspended in 2 ml of the same solution. Ten microlitres of plasmid solution (10 µg ml − ") was mixed with 400 µl cell suspension and the mixture placed in a cuvette for electroporation (Pulser cuvette with a 0n2 cm electrode gap ; BioRad). Electroporation was carried out at a voltage of 2n0 kV at a time constant of 6n1 ms with a Gene pulser (Bio-Rad). The cells were immediately transferred to 4 ml prewarmed enriched BHI broth and incubated anaerobically overnight at 37 mC. The culture (0n2 ml aliquots) was then spread on enriched TS plates containing Em and incubated anaerobically for 7 d at 37 mC. Em-resistant colonies were isolated from these plates.
Determination of amino-terminal amino acid sequence and nucleotide sequence. To determine the amino-terminal amino acid sequence of ferritin, the protein on the polyacrylamide gel was electrophoretically transferred onto a PVDF membrane and stained with Coomassie brilliant blue R-250. The stained protein band was cut out and analysed in an automatic protein sequencer (Applied Biosystems model 476A ; Perkin Elmer). DNA sequencing was achieved using plasmid templates and a dideoxy sequencing kit (AutoRead sequencing kit ; Pharmacia) with ALF DNA sequencer II (Pharmacia). The sequence data were analysed with the GeneWorks software program (IntelliGenetics).
Non-denaturing PAGE and staining methods for non-haem iron and haem. Vertical non-denaturing PAGE (5 % acrylamide at 5 V cm − ") was performed according to Ausubel et al. (1995) . The gels were stained for iron as described by Chung (1985) with a solution that contained 0n75 mM Ferene S (Sigma) and 15 mM thioglycolic acid in 2 % (v\v) acetic acid. Haem staining was achieved using hydrogen peroxide and 3,3h,5,5h-tetramethylbenzidine (TMBZ ; Dojindo) according to Thomas et al. (1976) .
Iron starvation. To determine the ability to grow under ironstarvation conditions, cells of test strains were first grown in the presence of haemin or transferrin and then deprived of the iron source. In each case, the initial inocula were prepared by growing the strains in haemin-containing enriched BHI broth overnight. In the case of haemin deprivation, the inocula were diluted 10-fold with haemin-free enriched BHI broth and incubated. Every 24 h, the OD &%! of the cultures was measured, and 10-fold dilution of the cultures with haemin-free enriched BHI broth was repeated. In the case of transferrin deprivation, the inocula were diluted 10-fold with enriched BHI broth containing transferrin (5 µM) and incubated for 24 h. Ten-fold dilution followed by 24 h incubation was repeated twice in the same medium. Finally, the cultures were diluted 10-fold into transferrin-free enriched BHI broth and subsequent dilutions were the same as those for haemin starvation.
Assays for oxidative-stress sensitivity. The sensitivity of strains to hydrogen peroxide and cumene hydroperoxide was determined by diluting 10-fold an overnight culture of the test strain in enriched BHI broth with the same medium containing various concentrations of either chemical and measuring the OD &%! using a spectrophotometer (150-20 ; Hitachi) before and after an overnight anaerobic incubation. Sensitivity to the chemicals was also determined by agar-diffusion assays. Test strains were grown in enriched BHI broth for 18 h and a 500 µl portion from each culture was spread on an enriched TS plate, which was then dried at 32 mC for 45 min. Hydrogen peroxide (30 % ; Wako) was diluted twofold in distilled water, and cumene hydroperoxide ("80 % ; Sigma) was diluted 10-fold with DMSO. Filter paper discs (5 mm diameter ; Whatman) were blotted with 5 µl portions of these solutions and the discs were placed at the centres of the plates. The plates were anaerobically incubated at 37 mC for 48 h, and the diameters of growth-inhibition zones around the discs were measured. To determine aerotolerance of strains, overnight cultures in enriched BHI broth were diluted twofold with the same medium and exposed to atmospheric oxygen by shaking at 125 cycles per min. Samples were taken at intervals and plated on enriched TS plates, which were incubated anaerobically for 7 d.
RESULTS

Partial purification of ferritin-like particles from P. gingivalis
Ferritin-like particles were partially purified from extracts of P. gingivalis ATCC 33277 cells by CsCl equilibrium centrifugation and gel filtration. Each fraction of the gel filtration was subjected to electron microscopy to examine for the presence of ferritin-like Fig. 3 . Alignment of the amino acid sequence of P. gingivalis ferritin with those of the ferritins previously isolated and determined in other prokaryotes (Wai et al., 1996 ; Frazier et al., 1993 ; Izuhara et al., 1991 ; Rocha et al., 1992) . Amino acid residues which correspond to the residues of the eukaryotic ferritin H participating in iron chelation are indicated by asterisks.
particles (Fig. 1a) . All of the fractions in which the ferritin-like particles, exhibiting a spherical structure with an inner electron-dense core, were observed contained a protein with a molecular mass of 18 kDa, which was the expected molecular mass of ferritin (Frazier et al., 1993 ; Hudson et al., 1993 ; Wai et al., 1995 MKISENVTKAINDQIKAEM, which is 58 % identical to the amino-terminal sequence of Bact. fragilis ferritin (Rocha et al., 1992) . (Fig.  3) . Several conserved amino acid residues of the eukaryotic ferritin H chain, which participate in iron chelation, were also found at the corresponding positions (Fig. 3) . Since this similarity strongly suggested that the 18 kDa protein was P. gingivalis ferritin, we tentatively designated the ORF as the ftn gene of P. gingivalis. Comparison of the predicted amino acid sequence with those of ferritins and bacterioferritins, including putative ones from genomic sequences, revealed that the ftn gene product belonged to the ferritin group rather than the bacterioferritin group and showed higher similarities to proteins from T. maritima and members of the Archaea than with those from members of the Proteobacteria (Fig. 4) .
To confirm that the ftn gene product was ferritin, we constructed an ftn-overexpressing E. coli strain using the T7 RNA polymerase expression system. The E. coli strain thus obtained produced large amounts of ferritinlike particles showing the same structure as the ferritin purified from P. gingivalis cells (Fig. 1b) .
Presence of non-haem iron within the recombinant ferritin particle
Ferene S stains iron in ferritin, transferrin and lactoferrin, but hardly stains that in haem (Chung, 1985) . We used this to determine whether P. gingivalis ferritin contains non-haem iron or haem. The cell extract of the ftn-overexpressing E. coli, transferrin, BSA and haemin were electrophoresed through non-denaturing gels, and stained with Ferene S and TMBZ (Fig. 5) . Ferene S stained both transferrin and the ftn gene product, but not BSA and haemin. As expected, TMBZ stained only haemin. None of the other proteins was stained with TMBZ. These results showed that P. gingivalis ferritin contained non-haem iron within the shell, indicating that the ferritin has the ability to store iron.
Construction of an ftn mutant of P. gingivalis
To gain insight into the biological significance of ferritin in P. gingivalis, a ferritin-deficient mutant was constructed. SmaI-linearized pKD383 DNA, which contained the ftn gene disrupted by the Em cartridge (see Methods), was introduced into P. gingivalis ATCC 33277 cells by electroporation. A number of Em-resistant and KDP139 (lane 2) were digested with BamHI/HindIII. The resulting DNA fragments were subjected to agarose gel electrophoresis followed by blotting. Hybridization was performed using the 0n4 kb BamHI-XhoI fragment of pKD381 (Fig. 2) as a DNA probe. (b) Immunoblot analysis. After the cell extracts of ATCC 33277 (lane 1) and KDP139 (lane 2) were electrophoresed through an SDS-polyacrylamide gel, proteins were transferred to a nitrocellulose membrane and immunoreacted with antiserum against P. gingivalis ferritin.
colonies were obtained and one such transformant (KDP139) was chosen for further characterization. To confirm the proper construction of the transformant, chromosomal DNA of the transformant and the wildtype parent was subjected to Southern blot analysis after double digestion with BamHI and HindIII (Fig. 6a) . The expected hybridizing fragments of 1n8 kb for the mutant and 5n5 kb for the wild-type parent in the digests were obtained, indicating that the disrupted ftn gene had been substituted for the wild-type ftn gene in the Em-resistant transformant. To confirm the absence of ferritin in the cells of the ftn mutant, immunoblot analysis using antiferritin antiserum was performed (Fig. 6b) . The ftn mutant showed no immunoreactive protein of 18 kDa. We also subjected cell extracts from the ftn mutant to fractionation by the procedure described above. Electron microscopy of gel filtration fractions that were expected to contain ferritin particles if it was present revealed none in the ftn mutant (data not shown). These results clearly showed that the ftn gene was responsible for the production of ferritin in P. gingivalis and that the ftn mutant was ferritin deficient.
Growth of the ftn mutant with haemin or transferrin as the iron source
To determine the effect of different iron sources on the growth of the ftn mutant, the mutant and the wild-type were grown in enriched BHI containing haemin or transferrin. There was no significant difference in growth between the two strains with either iron source. In transferrin-containing medium, however, cell lysis occurred earlier in the ftn mutant than in the wild-type parent (data not shown). 
Effect of iron depletion on the growth of the ftn mutant
To determine the contribution of ferritin to intracellular iron storage, the mutant and the wild-type strains were iron-starved after growth in enriched BHI broth containing haemin or transferrin as the iron source (Fig. 7) . Iron starvation resulted in gradual growth depression, which was more marked in transferrin-grown cells than in cultures of haemin-grown cells and occurred earlier in the mutant than in the wild-type.
Sensitivity of the ftn mutant to oxidative stresses
To compare the sensitivity to peroxides between the mutant and the wild-type, we used two different methods : measurement of MIC in liquid medium and agar-diffusion assays. Neither method revealed any difference in sensitivity against hydrogen peroxide and cumene hydroperoxide between the two strains, indicating that ferritin does not play a direct role in protecting the cell against these peroxides (data not shown). Furthermore, it was shown that the ftn mutant was tolerant of atmospheric oxygen to the same degree as the wild-type parent (data not shown). These results clearly indicated that ferritin of P. gingivalis had no direct role in protecting the cells from oxidative-stress damage.
DISCUSSION
In this study we purified a ferritin from P. gingivalis, cloned the ferritin-encoding gene (ftn) from the P. gingivalis chromosome and determined its nucleotide sequence. Comparison of the deduced amino acid sequence of this ferritin with those of other organisms placed it closer to those of A. fulgidus, Mec. thermoautotrophicum and T. maritima than to those of the Proteobacteria represented by E. coli, Hae. influenzae, Cam. jejuni and Hel. pylori , which was consistent with the notion that P. gingivalis belongs to the division Cytophagales and not to the Proteobacteria. Eukaryotic ferritin H chains have several conserved amino acid residues participating in iron chelation, i.e., Glu-27, Tyr-34, Glu-61, Glu-62, His-65, Glu-107 and Gln-141 (Andrews et al., 1991) . All of these critical residues forming the ferroxidase centre are found in the corresponding sites of P. gingivalis ferritin. In addition, P. gingivalis ferritin had the same structure under electron microscopy as ferritins purified from other organisms. Analysis by staining indicated that P. gingivalis ferritin contained non-haem iron. Taken together, these findings indicate that the P. gingivalis ftn gene encodes an authentic ferritin and that the P. gingivalis ferritin may serve as an iron-storage protein in the same way as ferritins of other organisms.
Using the ftn mutant, we found that ferritin was important for P. gingivalis to survive under ironrestricted conditions. Thus, the mutant ceased growth under iron starvation more rapidly than the wild-type parent strain, which was consistent with previous studies using ferritin-deficient mutants of other microorganisms (Wai et al., 1996 ; Abdul-Tehrani et al., 1999) . The increased sensitivity of the ftn mutant to ironsource starvation was observed in both transferrin-and haemin-grown cells, although the growth decline started much earlier after transferrin depletion than after haemin depletion. That the ftn mutant and the wild-type grew equally well up to the fourth transfer under haemin-depleted conditions may be explained as follows. Cells of P. gingivalis store haem on the cell surface ; this surface stock of haem will serve as the preferential iron source after haemin deprivation, resulting in the same growth rate in the wild-type and mutant strain. Although P. gingivalis may possess several iron uptake\storage systems which have developed for different iron sources such as haemin, haemoglobin or transferrin, it appears that intracellular iron is stored as ferritin regardless of iron source and the stored iron is utilized under iron-restricted conditions. Free iron has the ability to form a highly reactive oxidant, the hydroxyl radical, through the Fenton reaction, which can cause damage to cellular components including DNA and membranes (AbdulTehrani, 1999 ; McCormick et al., 1998 ; Keyer et al., 1995 ; O'Connell et al., 1985) . As a result of this detrimental effect of iron, regulated uptake and storage is important for the organism (Andrews, 1998 ; Wai et al., 1996 ; Guerinot, 1994) . Ferritins have the ability to store iron in a nontoxic, bio-available form within a shell, which appears to protect the cell from the harmful effects of iron while making this essential element available when needed (Guerinot, 1994 ; Theil, 1987) . In addition, Andrews (1998) mentioned that ferritin of Bact. fragilis (Rocha et al., 1992) , which is taxonomically close to P. gingivalis, may be insignificant in iron storage but play a part in iron detoxification, especially during transient exposure to oxygen. However, the data presented here show that the P. gingivalis ferritin has no direct role in protecting the cells from oxidative damage. This is consistent with the results obtained by AbdulTehrani et al. (1999) , who showed that the E. coli ferritin plays no significant role in protecting the cells from oxidative damage in the wild-type genetic background. However, as shown by Wai et al. (1996) , ferritin does play an important role in protecting the organism from oxidative damage in Cam. jejuni. Since each organism possesses its own repertoire of anti-oxidant mechanisms, it is plausible that an organism may possess an alternative protein to substitute for ferritin or use some other protective mechanism(s) which compensates for the lack of ferritin. In this context, it is of note that in E. coli lack of ferritin causes hypersensitivity to various peroxides in the fur genetic background (AbdulTehrani et al., 1999) .
P. gingivalis contains superoxide dismutase, which is essential for tolerance to atmospheric oxygen (Nakayama, 1994) . Recent studies using E. coli have demonstrated that superoxide toxicity is mainly due to its role in accelerating the Fenton reaction (Keyer & Imlay, 1996 ; McCormick et al., 1998) . Thus, superoxide attacks iron-sulfur proteins, leading to the release of iron that can participate in the Fenton reaction (McCord & Day, 1978) . However, Lynch & Kuramitsu (1999) have recently found that P. gingivalis superoxide dismutase seems not to provide protection against hydrogen peroxide. On the other hand, Amano et al. (1988) reported that P. gingivalis does not have catalase, peroxidase, iodine peroxidase or NADH peroxidase activity. Which protein(s) is responsible for protection against peroxide species in P. gingivalis ? One candidate is the Dps protein, which has structural and functional similarity to ferritins and bacterioferritins (Bozzi et al., 1997 ; Wolf et al., 1999) and abilities to protect DNA against oxidative agents (Almiron et al., 1992 ; Martinez & Kolter, 1997) . We have found that P. gingivalis possesses a Dps-like protein (data not shown). Another candidate is rubrerythrin, which is a member of the ferritin\bacterioferritin\rubrerythrin superfamily and has thus far been found only in ' anaerobic ' bacteria (Andrews, 1998 ; Lehmann et al., 1996 ; Bonomi et al., 1996 ; Coulter et al., 1999) . In fact, a gene encoding rubrerythrin has been identified in the partial genome sequence of P. gingivalis (http :\\www.tigr.org).
In conclusion, we have shown here that ferritin is important for survival of P. gingivalis under irondeprived conditions, but that it is not protective against oxidative stresses, at least in the wild-type background. Animal-infection experiments with the ftn mutant will reveal whether intracellular iron storage by ferritin contributes to in vivo survival and virulence of P. gingivalis.
